T he u se o f coincidence cou n tin g b y visu al m eans is m uch older th a n this. In 1910 Geiger and Marsden p ostu lated th e su ccessive em ission w ith in a sm all fraction o f a second o f tw o a-particles from th e sam e atom , after cou n tin g " co in cid en t" scin tilla tions, and 22 years later Cockcroft and W alton ( 1932) em p loyed precisely th e sam e m ethod in prelim inary tests concerning th e sim ultaneous projection o f tw o a-particles in th e single act o f disintegration o f a lith ium nucleus b y a proton, f Referred to as Paper I in w hat follow s. * I t is here assum ed, as in fact w as th e case in th e exp erim en ts to be described, th a t th e source is placed sym m etrically b etw een th e counters. t F irst order term s, on ly, are included. } This result is essen tially th a t used b y F leisch m ann ( 1936) and also b y A oki ( 1937) for in vestigation s o f th e capture radiation em itted in processes o f slow neutron capture b y nuclei. R ~ 10~3 and r ~ 10~5 sec., 1 % accuracy w ill be seen to n ecessitate roughly 100 hr. counting, b oth on th e chance and true coincidence rates, u sing sources o f ad eq u ate strength. One h our's cou n tin g on each m igh t be exp ected to g iv e an accuracy o f 10 %. Vol. CLXVIII. A. 37-2 * W e w ish to th an k Mr L. J . D av ies, o f B ritish T hom son H ou ston Com pany, for send ing us a sm all piece o f th is foil.
Introduction
The application of the method of coincidence counting by electrical means to the study of essentially nuclear phenomena was made first by Bothe and v. Baeyer in 1935.* Since that time, and chiefly as the result of further experiments carried out in Heidelberg, much important information has been obtained by the use of this method. It is the object of the present paper to describe the application of the method to the elucidation of certain features of the problem of isomerism in radioactive nuclei. As pointed out in a discussion of this problem by Feather and Bretscher (1938) ,! if such isomerism is to be explained in terms of close nuclear states differing con siderably in nuclear spin, it is frequently to be expected that the disintegra tion of one or other isomeric nucleus will be followed by the emission of two or more quanta of y-radiation in succession. The aim of the coincidence experiments, therefore, was to explore this possibility in a number of cases -and particularly to look for evidence of paired y-rays following the /^-disintegration of uranium Z, as suggested in Paper I. Clear evidence of the latter effect has been found, and the case of isomerism in radioactive silver (Ag106) has also been studied with positive results. Since the infor mation provided by the coincidence method cannot profitably be discussed without data concerning the particle radiations emitted by the isomeric nuclei as well, full details of absorption measurements on the /?-and y-radiations from the radioactive silver are also given in this paper. During the investigation one of us (N. F) has been responsible chiefly for the absorp tion measurements, using a single counter, the other (J. V. D.) for the coincidence experiments with two counters. The artificially radioactive sources were prepared for us in the High Voltage Laboratory and we are greatly indebted to the workers in that Laboratory, and particularly to Dr W. E. Burcham, for their efficient and kind co-operation in this under taking.
The method op coincidence counting
Let us suppose that a radioactive source which emits y-radiation to the extent of /q quanta of energy Ev n2 quanta of energy E2, ..., nr quanta of energy Er, per second, is brought to a position near a thick-walled tube counter subtending a solid angle 4 not at the source. the counter for each of the several quantum radiations be ev e2, ..., er, and v impulses per second be the natural background count of the instrument. Then, if none of the particle radiations from the source enters the counter, k=r N = C L 2 nkek + v k=l impulses per second is the average counting rate in the presence of the source. If a second exactly similar counter be now placed so as also to subtend a solid angle An cl at the source, a coincidence rate of A = 2 N 2t + c (1) coincidences per second will be observed, on account of the finite resolving time (t sec.) of the coincidence circuit and because of penetrating radiation effects (c coincidences per second) alone. Further coincidences may be recorded if certain of the y-radiations are time-correlated (in that two or more quanta are emitted in rapid succession from the same nucleus: the effect which we are chiefly investigating), or because of the production of annihilation radiation in the material immediately surrounding the source* -either because the main particle radiation consists of positive electrons (when this coincidence effect will be considerable), or, as a relatively in frequent result, during the absorption of primary ^-particles or of y-rays emitted by the source. Since, in any case, the annihilation radiation coin cidence rate must be proportional to the strength of the source, we may write fi(N -v) impulses per second to represent this effect (/? being known only when full information concerning the radiations from the source is available, and the geometrical disposition of the absorbing material is taken into account)-and thus obtain as the total number of coincidences per second B = -in the absence of time-correlation in the y-radiation from the source. To calculate this last remaining effect, particular assumptions must be made. Let us first suppose that as the result of particle disintegration the nucleus is always left in a given state of excitation and that the process of de-excitation follows an invariable sequence in which r separate quanta are emitted. Then, in the above notation, % = .. = = and a coincidence rate of <7 = %a22 2 e fce,(+fc)
k l per second is to be expected.f It is instructive to compare this " true" coincidence rate with (N -v) the number of impulses per second in a single counter due to the y-radiation. If R represents the ratio of these two rates of counting, we have B = aZEekel\Zek (4 ) in the particular case considered. For sake of brevity this result may be written -
where e is a representative efficiency of the counter for y-radiation of the general hardness in question. Since, with complex radiation, a rough value of e may often be evaluated from considerations of the general absorb ability of the radiation as a whole, (5) is sometimes useful as indicating a value for r, the number of quanta emitted in cascade! following a given instance of particle disintegration.
Clearly, R may have a value different from that given by (4) or (5) whenever the previous particle disintegration results in nuclei in different states of excitation on different occasions, or when different modes of de excitation of a single nuclear state are in competition one with another. In the simplest case, in which de-excitation gives rise to quanta of energies Ev E2 and E3 with relative probabilities n1 \ n \ n (such that quanta of the last two energies alone are time-correlated, and these completely so), simple calculation leads to the following result (Maier-Leibnitz 1936) :
It is the general aim of the coincidence experiments, therefore, to separate out the contributions to the total coincidence rate according to the scheme suggested by (1), (2) and (3) above, and to interpret the " true" coincidence rate, indicating time-correlation in quantum emission, in terms of (4), (5) and (6), and similar appropriate results. As already indicated, the final validity of any such interpretation obviously depends to a large extent on the nature of our knowledge concerning the energies and relative intensities of the particle and quantum radiations from the elements examined: with out this knowledge it is clearly impossible to substitute the requisite numerical values in the expressions concerned.* With this remark, there fore, we pass to a description of the apparatus and the presentation of the experimental results.
The apparatus and its calibration
Experimental arrangement. The geometrical arrangement of tube counters which was adopted as standard throughout the experiments is shown diagrammatically in fig. 1 . The cylindrical brass walls of the counters were 5 cm. long, 2 cm. in diameter and 0*58 mm. thick. The counters were placed * T he final accuracy o f th e n um erical resu lt-as d istin ct from its in terp retationm a y be in v estig a ted sim p ly as follow s. L et th e to ta l tim e o f ob servation w ith a source in p o sitio n be T sec. and suppose th a t a sim ilar tim e has been sp en t in a subsidiary exp erim en t w ith another source in d eterm in in g th e num ber o f chance an d " c o sm ic '' coincidences. T hen th e probable error in th e num ber o f true coincidences per second is o f th e order o f (B + C 4-A )hT~i . W ith T con stan t, th e la tter q u a n tity decreases as th e * strength o f source increases, u n til, w hen 2N 2t becom es th e dom in ant term in B (and A ), it ten d s to th e con stan t valu e 2(t/ T^R -1. F or sufficiently strong sources, therefore, th e full benefit o f a sm all resolving tim e m a y be u tilized. In our case, w ith with their axes parallel, at 3 cm. separation, in the same horizontal plane. In this way only 1 cm. was left between the nearest points of the counters and it was found necessary to insert an earthed screen between them in order to prevent the discharge of one counter influencing the electrical circuit connected to the other. For sake of symmetry two such thin metal screens were inserted as shown. Moreover, these screens served to support a V-shaped source holder of the same thin metal (~0*44 g./cm.2). It was found in practice that the use of this holder enabled the source to be re moved and replaced in the symmetrical position with an accuracy repre sented by ± 2 % in the counting rate of either counter. The arrangement is very similar to that of Maier-Leibnitz (1936) except that no tungsten (or lead) was used. Maier-Leibnitz worked with tungsten between the counters to reduce the effect of annihilation radiation (represented by the first term in (2)): in respect of the conditions of our main experiments calculation based upon available data (cf. Feather and Dunworth 1938 a) showed that this effect was negligibly small.* The " natural" coincidence rate due to penetrating radiation effects was found to be about 12-5 per hr. with the standard arrangement; with the counter axes in the same vertical (rather than horizontal) plane, however, this rate was about 8 times greater. The electrical connexions were as follows. Each counter was connected in a modified*)* Neher-Harper circuit (Neher and Harper 1936) which was followed by pulse-sharpening stages. Finally, the two circuits were com bined by the usual Rossi method (Rossi 1930) . This arrangement was nor mally used with a resolving time of 6 x 10-6 sec. (10-7 min.). It is important to note that the satisfactory use of this small resolving time requires that every electrical pulse reaches the end of the appropriate valve line within a time rather less than 10-7 min. from the time of emission of the y-ray quantum responsible for actuating the counter. Thus not only must the delay in the intermediate electrical stages be reduced below this value, but also the response of the counter must be " instantaneous" within these limits (cf. Werner 1934) . In respect of the latter condition all that can be said is that it appears to have been satisfied with the counters which we used: no increase in the coincidence counting rate-over and above that due to chance coincidences-(i.e. no increase in the " true " coincidence rate) was recorded when the resolving time was raised to 5 x 10-4 sec. The counters were filled with argon ( -6*5 cm. pressure) and ethyl alcohol vapour (1-5 cm. pressure).
Observations on the voltage-dependence of the single counting rates of the two counters showed that the characteristic curves were horizontal* from a few volts to well above 100 V above the starting potential. The counters were generally operated at 80-100 V overvoltage. Further, there was no appreciable loss of single counts in either counter at the highest rates used. This is important, since any such loss would result in a low value for the experimentally determined ratio R. In some experiments sources were used with which single counting rates of 6000 min.-1 were reached. As already pointed out (p. 569), it is necessary to employ such sources in order to derive full benefit from the small resolving time of the coincidence circuit.
Calibration. In the present connexion calibration of the counters is intended to refer to the determination of the variation of counter effi ciency with the quantum energy of the incident radiation. Clearly, full information on this subject is necessary before equations (4), (5) and (6)and similar results-can be applied in the interpretation of observational data. In respect of the equations, however, one point should be noted before we proceed. Throughout the theoretical discussion of §2 the solid angle (47ra) and the efficiency of the counter (e) have been assumed to be separable factors determining jointly the probability of response of the counter. This, in fact, is an over-simplification of the position. With thickwalled counters the probability of response obviously depends upon the point of origin of the recoil-or photo-electron in the wall of the counter, and an over-all response factor of ^eda should properly replace the product ae in all our equations. Calibration, therefore, refers to the determination of this response factor, (ae), in relation to quantum energy. The experi ments which were made for the purpose of such calibration are listed below.
(1) Experiments requiring a knowledge of the energies and intensities of the important quantum radiations from thorium active deposit (Oppenheimer 1936; Ellis 1938): (a) Determination of the counting rate in a single counter when a source of known strength, consisting of Th (B + C) in equilibrium, was placed in the standard position between the counters. (b) Determination of the single counting rate as a function of the time for a short exposure ( -1 sec.) deposit of thorium active deposit, (c) Determina tion of the relative coincidence rate, R (p. 568), with a source of Th (B + C) in equilibrium. (d) Investigation of the /?-y coincidences with a similar source, i.e. the coincidences between the impulses in a counter with a thin window, due to the primary /?-particles from the source, and the impulses in a thick-walled counter due to the y-rays. The radiations chiefly involved in these experiments have quantum energies 0*24 x 106 eV (Th B), 0*51, 0*58 and 2*62 x 106 eV (Th C").
To a first approximation (adjusted eventually in view of the results of all four experiments) experiment 1 (a) gives the response factor (oce) for the hardest of these radiations. Then the ratio of the initial to the final counting rate in 1 (b) gives (ae) for the softest radiation.* Experiment 1 (c), if the level scheme of Oppenheimer (1936) is correct, gives (ae) for the mixed radiation of 0*51 and 0-58 x 106 eV energy, on the basis of (4). Finally, with a similar proviso concerning the level scheme, 1 (d) gives the sum of the response factors for the hard radiation and the mixed radiation just men tioned. In respect of 1 (c) and 1 (d) it should be emphasized that these coincidence experiments provide the first objective test of the correctness of this level scheme-and so of the original suggestion of Ellis and Mott (1933) that excitation of the final nucleus in the transition Th C". Th Pb occurs in almost every disintegration in a level of 3*2 x 106 eV energy. It may be said at once that in each case coincidences were found-and roughly with the frequency which was expected: the value of (ae) for the softer radiations of Th C" deduced from 1 (c) and 1 (d) is clearly of the correct order of magnitude. This conclusion depends upon 240 min. counting of * A ctu ally, th e cou n tin g rate in 1 (b) decreased in itia lly before follow ing th e norm al rise to be exp ected for a source collected b y short exposure to thorium em anation. E ven tu a lly , h ow ever, th e in itial decrease w as satisfactorily exp lain ed as due to Th C" collected b y recoil from th e w alls o f th e exposure v essel, and could therefore be corrected for. This exp lan ation n atu rally su ggested itse lf w hen a com plete analysis o f th e tim e variation o f the cou n tin g rate in dicated a h alf-valu e period o f 3-2 m in. for th e in itial effect. coincidences with two sources in experiment 1 (c), during which time 1428 coincidences were recorded, and 571 min. counting in experiment 1 (d) yielding 2072 coincidences.
(2) An experiment with annihilation radiation (quantum energy 0*51 x 106 eV).
Rougly 200 coincidences due to the annihilation radiation from the positrons emitted by two short activation sources of Ag106 (half-value period 24-5 min.) were recorded and the relative coincidence rate, R, deter mined by frequent counts with a single counter during the decay of the activity. As pointed out by Klemperer (1934) , in discussing a similar experiment in which the positron-active C11 was employed,* if the quanta in this case are emitted strictly in opposite directions, then, for a point source symmetrically situated between identical counters, R = e. For our present purpose, therefore, it is necessary to make a separate determination of a before we can obtain the appropriate point on the (ae)-energy curve, as required. Since, however, a and e are not, as here supposed, separable factors (p. 571), the matter is again further complicated: the determination of R in the coincidence experiment with annihilation radiation gives e2da eda, whereas, if we are to combine a measurement of efficiency with a separate determination of the geometrical solid angle, 4noc, the efficiency which we require is jeda j J<ia-always a smaller quantity. On the other hand, since any actual arrangement must deviate appreciably from the ideal of a point source symmetrically placed between identical counters, another error is necessarily introduced in the opposite sense. Clearly, the annihilation radiation experiment can at best lend support to a value of (ae) determined from other considerations. Actually, in the present experiment with the positrons of Ag106, we found R = (1*18 + 0-08) x 10-3, pointing to a value of (ae) of the order of 0-3 x 10~3 for radiation of quantum energy 0-51 x 106 eV. This is in reasonable agreement with our previous results.
In fig. 2 these results are given in graphical form and the attempt is made to construct a curve which for the present will best represent the values variously obtained. It is to be hoped that in the near future further experi ments with other sources emitting radiations of different quantum energy will enable any necessary corrections to be made (for some information concerning the energy range 1 to 2 x 106 eV, see Feather and Dunworth * Prior to th e present exp erim en t, coincidences due to positron annihilation had also been d etected b y A lichanian, A lichanow and A rzim ovitch ( 1936)-using th e rad ioactive phosphorus, P 30. 19386). Many curves similar to that of fig. 2 have already been published. Some of these have been deduced mainly from experimental results, some chiefly on theoretical grounds (v. Droste 1936 (v. Droste , 1937 Yukawa and Sakata 1937; Sizoo and Willemsen 1938) . Before making detailed comparison with any of them, however, it must be remembered that they refer to thick-walled counters which in general subtend a small solid angle at the source; our curve, on the other hand, refers explicitly to the case in which the solid angle is large. Resolving time. In view of the doubts which have sometimes been ex pressed regarding the validity of equation (1), with r constant, as a basis for calculating the correction for chance coincidences in an experiment like the present one, a considerable time was spent investigating this matter. Two chief considerations are involved. In the first place it is clearly a matter for investigation whether, when the impulses in the two counters are unques tionably without correlation, the behaviour of the coincidence circuit may simply be described by means of a constant resolving time, after the manner adopted in (1). In order to use this equation we must first show that this is actually the case.* The second question is whether, with a y-ray source between two counters in close proximity, both may possibly be discharged as the result of interactions ascribable to a single y-ray quantum. This question must receive a negative answer before equation (1) can be regarded as satisfactory.
Q u antum energy
* I t w ould n o t be so, for exam p le, if th e form o f th e v o lta g e pulse depended n oticeab ly upon th e cou n tin g rate, or w as u n d u ly sen sitiv e to th e vo lta g e a t w hich th e counter w as operated.
The first question has generally been investigated by counting coinci dences with the two counters widely separated, each being irradiated by the y-rays from a weak source. The observed coincidence rate is plotted against the product of the rates of counting in the two counters separately, and a straight line is obtained passing through the origin (c, the contribution to the coincidence rate due to penetrating radiation effects, is negligibly small in this arrangement). A similar experiment was carried out with our counters and the expected straight-line relation was obtained. It was also obtained (though the straight line no longer passed through the origin) when the experiment was repeated with the counters at the standard separation and a strong source of UX was so placed that the effect in each counter was chiefly due to the primary /^-particles of UX2 which had pene trated the 0-58 mm. wall of the counter. The results of these experiments are given in fig. 3 . The slope of the straight line is the same as was obtained with the counters separated; in this case the intercept on the y-axis gives c, the coincidence rate due to penetrating radiation effects in the standard arrangement.
As regards the second question raised above, the coincidence rate was investigated when the counters were irradiated with the y-rays from a relatively strong source placed at a considerable distance from the counters -which again occupied the standard positions. With such an arrangement possible coincidences due to paired y-rays from the source (a small sealed radium preparation was used) could be neglected on account of the small solid angle subtended by the counters at the source. Nevertheless, a coincidence rate over and above that given by the straight line of fig. 3 was obtained for some positions of the source. A survey of all the data appeared to show that this excess was noticeable only when there was a reasonable chance that a quantum scattered in producing a recoil electron in one counter should pass into and suffer scattering with recoil in the other. This effect, which might be expected to contribute a coincidence rate linear in N± and N2, was in fact found to be relatively most important at slow rates of counting. At any rate of counting, however, with the source situated in the symmetrical position midway between the counters, such a process as we have been considering would clearly be least effective; the maximum energy of the quantum scattered through 180° in the Compton effect is about 0*25 x 106 eV-and for such radiation the efficiency of registration is already very small. In fact it was finally concluded that no correction for this effect was necessary in the main experiments-and as a similar conclusion re garding the effect of pair production has already been reached (p. 570), it appears that the use of equation (1), with the constant value of r deduced from fig. 3 , is entirely justified.
E xperimental results
Uranium Z . As already mentioned, the suggestion made in Paper I was that in the majority of cases the emission of the primary /?-particle from the nucleus UZ is followed immediately by the emission of two quanta of y-radiation. Absorption measurements indicated that these quanta were unlikely to differ much in energy and a mean energy of 0*7 x 106 eV was deduced for the radiation as a whole. From fig. 2 for such radiation we may write (ae) = 0*65 x 10-3-and that this is also the appropriate value for R follows from the fact that we assume r = 2 in (5). The value found experi mentally for R was (0-85 + 0*06) x 10-3-indicating reasonable agreement with expectation. If any significance be attached to the fact that the experi mental is greater than the " expected " value of R, it may be concluded that the y-radiation from uranium Z very probably has a mean quantum energy somewhat in excess of 0-7 x 106 eV. It will be observed that this conclusion fits better with the level scheme of fig. 7 , Paper I, than do the results of the y-ray measurements alone.* The experimental value for R was based chiefly on observations with three strong sources of uranium Z, represented in fig. 4 . Here the residue of the observed coincidence rate, remaining after correction for chance coincidences and penetrating radiation effects, is plotted logarithmically against the time-and straight linesf are drawn 100 200 300 400 500 600 700 min.
T im e F ig . 4 amongst the points with the slope appropriate to the known rate of decay of uranium Z (r = 6*7 hr.). It is clear that the residual coincidence rate so calculated is proportional to the strength of the source. If this treatment of the data had led to any other result, naturally our whole interpretation of the observed coincidences would fail.
Ag106. The occurrence of nuclear isomerism in the case of Ag106 was sug gested first by the observation of Pool, Cork and Thornton (1937) that a negative electron activity of half-value period about 8 days was obtained together with the already known positron activity of 24*5 min. period in each of four distinct methods of activation. The positron period had defi nitely been assigned to Ag106 by earlier workers (Bothe and Gentner 1937; Heyn 1937) . In subsequent papers Pool (1938) and Pool and Campbell (1938) put forward additional support for this suggestion of isomerism. Moreover, because they found the long-period negative electron activity to be accompanied by an abnormally large amount of y-radiation, they further suggested that transformation by A-electron capture (followed by y-ray emission) might also occur with the long-lived species. Then the transfor mation Ag106->Pd106 would be taking place with each isomer-and the possibility of checking the balance of energy (on the assumption that the final state of the product nucleus is the same in each case) would naturally present itself (see fig. 8 ). The experiments now to be described were designed to explore these and other assumptions in greater detail than had been done by the earlier workers.
The radiations from the short-lived isomer were investigated by bom barding a silver foil of 0*085 g./cm.2 thickness for about an hour with the neutrons from lithium bombarded with deuterons (30/^A at 950 kV), starting measurements always half an hour after the end of the bombard ment. About 3 cm.2 of foil were used (usually at about 2 cm. distance from the mica window of the tube counter)-and the absorption experiment was carried out exactly as described in Paper I. Fig. 5 a shows the results for absorber thicknesses including the particle end-point and fig. 5 b the logarithmic absorption curve for the positrons alone. In constructing these curves correction has in all cases been made for the natural effect of the counter and also for the long-period activity which was not entirely negli gible in amount, in spite of the shortness of the bombardment. For fig. 5b the annihilation radiation effect has been subtracted-after extrapolation of the " y-ray background" of the other curve (5a). From the general shape of the logarithmic curve it is at once clear that the spectrum of positrons is simple to a high degree: by a detailed comparison of this curve with the curves for the /?-particles of radium E and uranium X2 given in Paper I a positron end-point at 0*95 g./cm.2 is deduced. On the basis of a slightly modified range-energy relation, we may therefore say that the positron spectrum (which is not complex) has an upper energy limit at (2-04 + 0-05) x 106 eV.* The value quoted by Pool and Campbell (1938) is l-9xl06 eV. The lack of complexity in the positron spectrum, taken together with the numerical result of the coincidence experiment already described (p. 573), suggests that the y-ray background in fig. 5a is due active substances which do not emit any appreciable amount of nuclear y-radiation.
When the attempt was made to investigate the particle radiation from the long-lived isomer it became obvious at an early stage that a radio element of half-value period intermediate between 24*5 min. and 8 days was produced by neutron bombardment. In general the bombardment lasted for about 8 hr., and thin sheets of silver (0-085 g./cm.2) were activated, as before. The decay of activity of such a target showed periods of 12-3 hr. and about 8 days, roughly equally developed. Since no detectable amount of copper was present in the silver (the period of Cu64 is 12-8 hr.), it was con cluded that radioactive palladium had been produced in a (n1, H1) trans formation. It was known that a negative electron activity of 13 hr. period could be produced by bombarding palladium with deuterons (Krauss and Cork 1937)-and that this activity had tentatively been ascribed to Pd109. Our identification appeared very reasonable in view of these facts, but apart from this the 12-3 hr. period was not further investigated. The radiations of the 8-day period were studied by the standard absorption method after allowing the supposed palladium activity to decay. Fig. 6 gives the results obtained with a thin silver foil in the usual position, showing at once the abnormally high y//? ratio, as first reported by Pool (1938) . On account of the rather low accuracy of individual points in fig. 6 -and because of the very large '4y-ray background"-it is not easy to make definite pronounce ments regarding the particle spectrum. However, by extrapolation and subtraction of the background and plotting the /^-particle intensity logarith mically as before, an end-point at about 0*48 g./cm.2 may be obtained. Thus an upper limit of energy at about 1-2 x 106 eV is indicated-though, until the precise form of the particle spectrum is more accurately known, the exact significance of this result is difficult to assess. At least it is not very different from 1-3 x 106 eV, the value given by Pool (1938) from expansion chamber experiments. At a later stage we shall have to discuss whether the negative electrons constituting this energy spectrum represent a distinct mode of disintegration of the long-lived Ag106 (Ag106-^Cd106), as supposed by Pool, or whether they are secondary electrons emitted as a result of the process of transformation by A-electron capture which is supposed to occur. After a rough correction for absorption of the /?-particles in the material of the source, a y/yff ratio of 1 : 1-05 + 0-1 was deduced from fig. 6 .
Attempts to detect the emission of palladium If-radiation from a thin piece of activated silver were made without success. Arranging for the effective absorption of the /^-particles in 0-4 g./cm.2 of graphite, no further absorption could with certainty be established-even with a xenon filled counter-for suitably chosen thin foils either of molybdenum or of silver. The molybdenum foil (~ 13 mg./cm.2)* should have reduced the intensity of any Pd Z-radiation to about 1/3, the silver foil (of about the same super ficial density) only to 5/6 of its original value. Failure to establish any difference in either case need not, however, be regarded seriously at this stage. The small intensity of the sources (total y-ray effect roughly 30 counts per min.) and the low efficiency of the counters for the if-radiation is probably sufficient explanation. In spite of the negative result, then, we shall for the present accept the original suggestion without further experi ment, assuming that the observed y-radiation does in fact follow capture of a A-electron by the nucleus Ag106. On this hypothesis, taking the results of our previous measurements of positron energy, the amount of energy available for radiation as quanta (or as kinetic energy of a neutrino) in this transformation is (2*04+ 1-02 ±8) x 106 eV, 8 x 106 eV being the assumed small difference in energy between the short-and long-lived isomeric forms of the nucleus Ag106. This result, moreover, is quite independent of the mass of the neutrino, if this is regarded as finite.
Absorption measurements on the y-radiation from the long-lived isomer were made after activation of much thicker pieces of silver (up to 1*1 g./cm.). Tungsten (to the extent of 13*9 g./cm.2) and lead (up to 10 g./cm.2) were used as absorbing materials. Over this range of thickness an effective quantum energy of (0*60 + 0*03) x 106 eV was deduced from the measure ments, in general agreement with the cloud chamber (recoil electron) results of Pool. On the basis of these results Pool (1938) has suggested quanta of 0-3 x 106 to 1*0 x 106 eV energy. From the y//? ratio obtained in our experimental arrangement we should estimate that roughly 100 quanta of effective quantum energy 0-6 x 106 eV are emitted for every negative electron of the supposed continuous spectrum.
When coincidence measurements on this y-radiation were begun it was obvious at once that a very high relative coincidence rate was operative. As the experiment was continued, using different sources and different resolving times for the coincidence recording circuit, extreme values of (1-80 ± 0*09) x 10~3 and (2-23 ± 0*09) x 10~3 were obtained for the relative rate,R. A mean value of (2-03 + 003) x 10~3 depends upon a total of 982 min. counting with a source in position, in which time 1950 coincidences were recorded. On the basis of fig. 2 , for a quantum of 0-6 x 106 eV energy, (ae) = 0*57 x 10-3-then equation (5) suggests the emission of 4 or 5 such quanta in cascade in order to explain the experimentally determined value of R. Even if, in actual fact, quanta of energies between 0*3 x 106 and 1*0 x 106 eV are involved, the conclusion cannot be very different: 4 or 5 such quanta must be emitted in succession from each nucleus which is transformed by X-electron capture.* If this is so, by far the greater part of the available energy, (3*06 + 8) x 106 eV, must be emitted as radiation; the most probable mode of electron capture in this case resulting in the pro duction of the residual nucleus, Pd106, in a high state of excitation (the assumed neutrino having quite small energy). Fig. 7 has been drawn con servatively, on the assumption of four equal quanta, with the entirely arbitrary choicef of the long-lived isomer as representing the ground state of the initial nucleus. For each isomer the energy state effective for K-elec tron capture is shown, in addition to the state involved in positron emission. It is very clearly consistent with the general picture provided by fig. 7 to suppose that a large difference in angular momentum characterizes the isomeric forms of the radioactive nucleus Ag106, just as we have already concluded in the case UX2-UZ. In the present case, however, further know ledge concerning the energies and intensities of the y-radiations will cer tainly be necessary before quantum numbers can, even provisionally, be assigned. Apart from the main fact of metastability or isomerism, the feature chiefly in need of explanation here is the non-occurrence-at least P d 106 (H 1, n 1) to a first approximation*-of the sixteen energetically possible disintegra tion modes which are not shown as taking place on fig. 7 . For the sake of comparison, the level scheme suggested by Pool and Campbell (1938) is given in fig. 8 .
levels for Ag106 K electron capture levels for positron emission
Using a thin piece of activated silver, as in the /?-particle absorption experiments, further coincidence studies were made with two tube counters carrying mica windows, arranged on the same axis, with the windows facing one another. The source was placed between the counters. Retaining this arrangement, the coincidence counting rate was determined with no addi tional absorbing material, with an absorber thick enough to cut out the effect of the /?-particles on one side of the source only, and, finally, with such an absorber on each side of the source. A total of 1565 min. counting was carried out in this way and 565 coincidences were recorded. As the result of this work, time-correlation between /? and y counts, and a non-spurious effect amongst the /? counts themselves, were clearly established. Evidently most of the negative electrons of the 8-day period are secondary to the ^-electron capture process and do not represent an independent mode of disintegration of Ag106. Regarding them as " internal conversion " electrons associated with the transitions schematized in fig. 7 , our previous calcula tion (p. 582) suggests a mean internal conversion coefficient of about 10~2 for the transitions in question. It may be remarked that Alvarez (1938) has already obtained evidence for internal conversion electrons from certain artificially produced radioelements of medium atomic number. In our case the energy spectrum of the electrons, whilst it does not appear clearly as a line spectrum from the absorption measurements, certainly covers the energy range to be expected.
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Summary
The application of the method of coincidence counting by electrical means to the study of the time-correlation of nuclear processes-particularly that of successive quantum emission-is discussed in detail. It is shown that a knowledge of the energy dependence of the sensitivity of the counters is essential for any interpretation of the results of such experiments. For the y-ray counters employed in the present investigation some information on this point has been obtained by the use of sources of thorium active deposit of short and long exposure. In the course of this work the general validity of the ideas of Ellis and Mott (1933) and of the nuclear level schemes of Oppenheimer (1936) has been established. Also the paired quanta of the annihilation radiation of positrons have been utilized in the calibration.
A study of the y-radiations from UZ and the long-lived modification of Agi°6 by the coincidence method has shown, in the former case, the emission of two quanta in succession in a very large fraction of the disintegrations, and, in the latter, the emission of 4 or 5 quanta in succession in the most probable mode. This result is in general accord with the view that nuclear isomers are to be distinguished one from the other by a small difference in energy content and a large difference in angular momentum. The particle emission from the short-and long-lived modifications of Ag106 has also been studied. It appears probable that the negative electrons of the long-period activity are internal conversion electrons associated with nuclear transi tions following electron capture, rather than that they represent a distinct mode of disintegration of the long-lived radioelement, Ag106. . P h ys. M ath. Soc. J a p a n , 19, 799 -8 0 5 .  B o th e an d v . B a e y er 1935 Nachr. Oes. W iss. Gottingen, 1, 195-7.  B o th e and G entner 1937 Naturwissenschaften, 25, 90, 126.  C ockcroft an d W a lto n 1932 Proc. R oy. Soc. A , 137, 2 2 9 -4 2 .  v . D ro ste 1936 Z . P h ys. 100, 5 2 9 -3 3 .  -1937 Z . P h ys. 104, 474.  D u B rid ge, B arnes, B u ck an d S train 1938 P h ys. Rev. 53, 4 4 7 
